Abstract: Erosion corrosion performance of API 5L-X65 carbon steel was investigated at three different impingement velocities (3, 6 & 12 m/s), five different angles (15, 30, 45, 60, & 90 • ), and with/without solid particles (average particle size of 314 µm). The experiments were conducted in 0.2 M NaCl solution at room temperature for a duration of 24 h and the results showed that the maximum erosion corrosion rate was observed at 45 • irrespective of the velocity. The highest erosion corrosion rate at 45 • was due to the balance between the shear and normal impact stress at this angle. Ploughing, deep craters, and micro-forging/plastic deformation were found to be the main erosion corrosion mechanisms. The maximum wear scar depth measured using optical profilometery was found to be 51 µm (average) at an impingement angle of 45 • .
Introduction
Erosion-corrosion is a combined material degradation mechanism in which material is removed by the mechanical process of erosion coupled with the electrochemical process of corrosion. This is one of the serious problems being faced by many industries and is responsible for multibillion-dollar losses due to premature equipment failures [1] . Erosion corrosion is ranked as the 5th most common degradation issue in fluid handling systems (pumps, compressors, piping systems in offshore oil/gas facilities, desalination plants, etc.) and has direct consequences in terms of equipment safety [2] [3] [4] [5] [6] . This problem gets more aggravated by the presence of high amounts of solid/sand particles of different morphologies in the flowing fluid [7, 8] . These high velocity solid particles strike the stationary and rotating equipment in the presence of fluid mixed with water and/or oxygen and thus cause unplanned plant shutdowns, resulting in multibillion-dollar loss [9] . The seawater in desalination plants, cooling systems, fire-fighting systems, and power generation industries is very corrosive and if present together with solid particles, can reduce the equipment design life significantly by the combined effect of erosion and corrosion.
So, therefore, in order to overcome this problem of erosion corrosion in the industries, a detailed erosion corrosion database is required which can assist in developing erosion corrosion models for better prediction. The development of efficient prediction models depends on realistic and reliable experimental data obtained by simulating the real-time industrial conditions. The erosion corrosion behavior of carbon steel being used a lot as pipeline material can be investigated by conducting the experiments in flow loops. The design of such flow loops enables the researchers to investigate the erosion corrosion problem by controlling different parameters such as angle, velocity, fluid type, temperature and amount/type of solid particles etc. However, due to its high cost of maintenance, construction challenges and space limitations within the research laboratories, such types of experimental facilities are limited.
According to ASTM G73-98, corrosion is the progressive loss of original material from a solid surface due to continued exposure to impacts by liquid jets. The problems usually arise when a stream of water impinges on, or flows over components especially whenever there is a change of flow direction and/or a change in the cross-sectional area of the flow passage [10, 11] . In erosion, solid particles entrained in high-velocity jets are repeatedly impacted on the metal at oblique angles, resulting in material removal from the surface, whereas corrosion is a material loss because of chemical or electrochemical reactions [12] . Erosion-corrosion caused by flowing fluid with/without solid particles is a form of tribo-corrosion material removal mechanism as it damages both the surface layers, (passive film or corrosion products) as well as the base metal. The degradation mechanism resulting from the combined effect of electrochemical and mechanical processes seems very complex [12] [13] [14] [15] . The material removal during erosion corrosion process can be either by chemical dissolution or by erosion simply due to fluid flow alone or due to the impingement of slurry mixed with solid particles. There can be more intricate situations in which electrochemical corrosion can have synergistic effects [13, 14] and the synergistic effects of erosion-corrosion can be considerably higher than the individual effect of erosion or corrosion.
So therefore, the main objective of this study was to evaluate the erosion corrosion behavior and underlying erosion corrosion mechanism in one of the most commonly used pipeline grade carbon steel material API 5L-X65. The experiments were conducted to examine the role of various parameters such as impingement velocity (3~12 m/s) and impingement angle (15 •~9 0 • ) on the erosion corrosion behavior of this steel in 0.2 Mol NaCl solution at room temperature with/without solid particles for a duration of 24 h. The eroded surfaces were examined using Field Emission Scanning Electron Microscopy (FE-SEM) and optical profilometer to understand the erosion corrosion mechanism.
Experimental Procedure

Erosion-Corrosion Test Apparatus
In order to carry out the detailed experimental investigations, a state of the art mini-flow loop was designed and manufactured locally as shown in Figure 1 . A centrifugal pump was used to circulate the fluid in the flow loop. To investigate the effect of solid particles, the discharge pipe was equipped with a venture-tube with a controlled stream of solid particles. The two-phase mixture flows into the erosion-corrosion test cell and then to a cyclone separator for separating the solid particles before returning back to the main reservoir. The test cell is equipped with a fixed convergent nozzle (3 mm diameter nozzle made of 316 L stainless steel) to produce the required liquid jet velocity. The cell also has a sample holder, which can be used to fix the specimens at five different impingement angles. All of the components of the flow loop such as pipes, storage tank, cyclone separator, valves, pump etc., were made of corrosion resistant 316 L stainless steel. Fluid jet velocity was calculated using ultrasonic water flow meter (Model: Wprime-280W) and pump speed was controlled with the help of 650 V SSD drive control panel. Taylor 9940 N temperature gauge was used to monitor the temperature, whereas 15 kW pump (Lowara Company: Vicenza, Italy) was used for fluid pumping. Table 1 shows the composition of pipeline grade API 5L-X65 carbon steel used in this study. This material is one of the most commonly used piping material for transportation of fluids in petroleum, desalination and many other industrial applications due to its distinct physical properties. It has appreciable ductility, strength, weld-ability, and can be heat treated to achieve desired properties. Its average Vickers hardness (HV) was measured using a CSM Micro Combi hardness tester (Diamond indenter) under 2N load (P) over an indentation time of 10 s and was found to be 298 HV. The specimen preparation involved cutting, mounting and grinding. The specimens were cut into 20 mm × 20 mm × 5 mm dimension, hot mounted in Lucite material to expose only (20 × 20) mm 2 surface area to the impinging fluid. The hot mounted specimens were ground up to 600 grit size paper. The samples were cleaned with acetone, rinsed with distilled water and subsequently dried with a drier before conducting each experiment. The specimens were weighed to an accuracy of 0.01 mg. Figure 2 gives an overview of the whole process of specimen preparation. Sand particles with an average particle size of 314 µm were used for erosion corrosion investigations. These silica sand particles were from Riyadh region of Saudi Arabia and supplied by a local company, based in Jeddah.
Test Specimens and Sand Particle Characterization
Test Procedure
Erosion corrosion tests were performed according to ASTM-G-73-98 and tap water from sweat water line was used to prepare the solution for experiments. The solution tank ( Figure 1 ) was filled with an approximately 69 L of 0.2 Mol NaCl solution. The specimens were hot mounted, ground to 600 grit size SiC paper and subsequently weighed before fixing in the test cell. The specimens were fixed in an-inhouse designed specimen holder (Figure 1 ) inside the test chamber under a 3 mm circular nozzle for fluid impingement. Erosion corroison experiments were carried out at three different velocities (3 m/s, 6 m/s, and 12 m/s) and at five different impingement angle (15 • , 30 • , 45 • , 60 • and 90 • ) for a duration of 24 h. After each experiment, the specimens were cleaned using a soft toothbrush to remove any loosely attached corrosion products, subsequently cleaned using acetone, rinsed in distilled water and dried with a drier (Figure 2 ). The weight before and after the experiments was measured using a digital balance up to 0.01 mg and erosion corrosion rate calculation was done as per equation 1 based on ASTM G1-03 standard. The K is a contact to have the corrosion rate in desired units and a value of 3.45 × 10 6 was used in these calculations. Each experiment was performed thrice under each experimental condition for data repeatability. Figure 3 shows the corrosion rate (without solid particles) of API 5L-X65 carbon steel as a function of impingement angle at three different velocities. The maximum and minimum corrosion rates were observed at 45 • and 90 • angles respectively. It is reported in the published literature that both the shear and normal stress play a vital role during fluid impingement and shear stress is dominant at lower angles and vice versa [8] . The highest corrosion rate observed at 45 • is due to the balance between shear and impact force [8] . Corrosion rates were increased with an increase in velocity, though overall trend remains the same at all velocities. There was no significant difference in the corrosion rate between 3 m/s and 6 m/s, however, corrosion rate was significantly increased at 12 m/s, which is due to an increased wall shear stress values at this velocity. The shear stress is reported to be one of the important factors, which increases the corrosion rate at high fluid jet velocities. This finding, which is reported extensively in research, states that mass transport of oxygen increases with an increase in fluid velocity and that will increase the corrosion rate of the material [16] . 
Results and Discussion
Effect of Impact Angle and Velocity on Corrosion Rate
Surface Morphology of Corroded Surfaces
Surface morphologies of corroded specimens were examined using FE-SEM as shown in Figure 4a -e. It is interesting to note that corrosion pattern and wear scar morphology was changed with impingement angle indicating that different stresses are acting at different angles. Impingement points (circled in Figure 4a -e) changed from elliptical at lower angles to more round/circular at higher angles. Figure 4a shows the presence of plate-like circular holes in specimens eroded at 15 • . This was because of the fact that the corrosive slurry attacked the target material surface locally at this angle. On the other hand, the fluid has its maximum velocity and forms a wide stagnant layer which by covering the entire surface of the specimen promotes susceptibility towards localized material loss/corrosion [17] . The wear scars were found to be neither continuous nor deeper and observed to have gaps among each other in the direction of the fluid movement. Figure 4a ,b show an elliptical to circular morphology at the impingement point which can be attributed to the maximum tangential force/or shearing stress at lower angles. With an increase in impingement angle, normal impact/extrusion force was increased as well. The wear scars observed at 30 • were found to be wider, deeper and continuous as compared to those observed at 15 • as shown in Figure 4b . The electrolyte stagnation may have occurred which ultimately resulted in pitting [4] . However with continued fluid flow of high shear stress, elongated corrosive wear scars were observed. At 45 • impingement angle, number of wear scars and the total affected area was much more when compared both with lower than and higher than 45 • (Figure 4c) angle. The wear scars were found to be continuous. As the impingement angle was increased (>45 • ), normal impact component became dominant. At 60 • angle, the wear scars were less in number and shallower in depth (Figure 4d ). On the other hand, at 90 • angle the normal stress component was maximum and after the impact, the fluid does not have enough energy to erode the surface deeper (Figure 4e ). Figure 5 shows the erosion corrosion rate (with solid particles) of API 5L-X65 carbon steel, as a function of impingement angle and velocity. The trend observed was similar to the one observed in Figure 3 , however the values of erosion corrosion rates were higher than the ones without the presence of solid particles. The fluid jet velocity is an important parameter which can increase the erosion-corrosion rate and both are related through a relationship E = K(V) n . In this equation, E is the erosion rate, K is the material constant (K depends on particle size and impact angle), V is the fluid velocity, and n is the velocity exponent. The value of n in the case of slurry erosion corrosion was reported to be around two [18] . Both the horizontal and vertical components of kinetic energy play a vital role during erosion corrosion of the materials. It is reported that vertical component of kinetic energy (KE) is responsible for the solid particle's penetration into the material, while horizontal component controls the ploughing during erosion corrosion experiments [18] . • , suggesting that horizontal component of KE was dominant at these angles. Another observation is that larger surface area is affected by abrasive particles at lower angles than at higher angles. Severe plastic deformation together with deep ploughing and increased surface activation was observed at 45 • angle, which was mainly due to the balance between shear and normal impact stress. The effect of microcutting was not that significant at 60 • as confirmed by the presence of shallow and shorter erosion scars. Some wider erosion scars were also observed due to an increased friction force of sliding abrasive particles and this resulted in high normal impact stress. At normal impingement angle, the particles hit the surface with maximum kinetic energy and imparted highest normal impact force which resulted in the formation of flakes and platelets. These flakes were subsequently removed due to multiple strikes of the incoming particles (Figure 6e) . Furthermore, the erosion scars became wider and some micro cracks also found at higher angles because of increased surface hardness due to work hardening. After multiple strikes of the sand particles, average hardness was found to be 303 HV and slight increase in weight loss was observed after 60 • angle. 
Erosion Corrosion and Mechanism
Correlation with Erosion Corrosion Model
Correlations are important to develop reliable erosion corrosion prediction models. The prediction models presented as a function of impingement velocity, angle, particle size/shape and substrate material properties [19] [20] [21] [22] . One of the early erosion prediction models was the one developed by Finnie et al. [18] . The model shows the following relationship;
where ER is the erosion rate (mg/mg), A is an empirical constant, V is the particle impingement velocity, and n is an empirical coefficient. It was reported that a value of 1.73 can be used safely for the empirical coefficient for various oilfield materials [23] . F s is a particle shape coefficient and it is equal to 1 for angular sand particles. While f (θ) is a function of the impact angle as below;
Whereas w, x, y, and z are empirical constants which depend on the material being eroded. The suitable values of the model constants for carbon steel, assuming V has units of ft/s are discussed elsewhere [23] . In this study, the impingement erosion data were correlated using above-mentioned model. The values of A and z were determined by performing a regression analysis using MATLAB software. Lower and upper bounds for A were found to be 0.012 and 0.0396 whereas for z, they were 0.428 and 0.572 respectively. Values of the correlation coefficients were found to be R 2 > 99%, showing a good fit using the given parameters [23] . Furthermore, using known parameters as mentioned above, erosion rates were calculated at v = 12 m/s at 15 • to 90 • angles respectively. Figure 7 shows the comparison between experimentally obtained erosion rate versus the one calculated using Finnie's model. The calculated erosion rate showed a good agreement with the present experimental data of API 5L-X65 carbon steel. It was deduced that Finnie's model can be safely used to determine the erosion rate with a reasonable accuracy. However, the parameters for this model given and calculated are specific to current test materials and test conditions. Figure 8 shows the individual as well the combined effects of erosion-corrosion. It is clear that erosion has a considerable contribution to the overall material loss in terms of erosion corrosion. It was observed that the introduction of solid particles increased the erosion-corrosion rate of API 5L-X65 steel at all impingement angles. However, the synergistic effect at 45 • and 90 • angle was more significant as compared to other angles. At 45 • angle, particles penetrated much deeper into the specimens due to the combined effect of shear and impact stresses, which increased the erosion corrosion ( Figure 8 ). It was found that at 90 • , due to extensive extrusion and fracture of platelets, erosion enhanced the corrosion significantly. Corrosion rate was considered here as a pure corrosion damage (without solid particles) and solid particle effect was considered as erosion corrosion (the combined effect of erosion and corrosion). So the effect of erosion on corrosion was obtained by subtracting the corrosion values from total material loss observed during erosion corrosion experiments. With the introduction of solid particles, surface roughness was increased and that accelerated the localized attack. There was a close relationship between contact force exerted by the particles on the surface and predicted material degradation rate as reported elsewhere [24, 25] . Figure 9 shows the average penetration depth of wear scars at the impingement point (high-velocity region close to impingement points) when the experiments were conducted at 12 m/s at five different angles for a duration of 24 h. These regions (impingement points) were selected expecting that the effect of shear and/or normal impact stress will be the highest at these points. Typical 3D image analysis of wear scars and their penetration depths were recorded using A GTK-A 3D optical profilometer from Bruker Co. (Billerica, MA, USA) as shown in Figure 10 .
Effect of Erosion on Corrosion
Wear Scar Penetration Depths Using Optical Profilometer
It is clear from Figure 9 , that with an increase in impingement angle, corrosion (without solid particles) rate was increased and that was quite obvious with an observed increase in penetration depth as well ( Figure 10 ). The maximum depth was observed at 45 • and it was found to be 36 µm ± 5. As explained earlier, the maximum depth was expected at 45 • due to the balance between shear stress and normal stress as is also seen in Figure 10A . However, in the case of erosion corrosion (with solid particles), the particle ploughed deeper and the maximum depth of 51 µm ± 5 was observed at 45 • . At 90 • angle particles strike with their maximum kinetic energy and activate the surface by extrusion which results in platelets. These platelets later fractured and removed by the subsequent impact of the particles as shown in Figure 10B . The 3D image of Figure 10B shows that the affected area exactly at impingement point for angle 90 • was also eroded and recessed scars were wider with maximum depth of 35 µm ± 3. 
Conclusions
An experimental study was performed using a Flow loop to investigate the corrosion and erosion-corrosion behavior of API 5L-X65 at five different impingement angles (15 • , 30 • , 45 • , 60 • and 90 • ) and three different jet velocities, i.e., 3 m/s, 6 m/s and 12 m/s at each angle. The eroded surfaces and wear scars were examined to determine surface morphology/penetration depths. The following conclusions can be drawn from this work;
1.
The maximum corrosion and erosion corrosion rates were observed at 45 • angle due to a balance between shearing force and normal impact force. However the synergistic effect at 45 • and 90 • angle was more significant as compared to other angles. 2.
The effect of erosion on corrosion is quite significant as striking solid particles cut the surface and activate the localised sites and thus accelerate the corrosion damage. 3.
Corrosion and erosion corrosion rate was increased with an increase in the impingement velocity. This was mainly due to high shear and normal impact stresses in the absence of solid particles and due to the high kinetic energy in the presence of solid particles causing more mass loss.
4.
Ploughing, elongated erosion scars, and metal cutting were the dominant erosion corrosion mechanisms at oblique angles, whereas extrusion, flattening of ridges and fracture were dominant at high angles.
5.
The corrosion product or oxide layer was not stable under these severe conditions of high velocity fluid impingement which resulted in more material loss. 
